The clearance of mitochondria by autophagy, mitophagy, is important for cell and organism health [1] , and known to be regulated by ubiquitin. During Drosophila intestine development, cells undergo a dramatic reduction in cell size and clearance of mitochondria that depends on autophagy, the E1 ubiquitin-activating enzyme Uba1, and ubiquitin [2] . Here we screen a collection of putative ubiquitin-binding domain-encoding genes for cell size reduction and autophagy phenotypes. We identify the endosomal sorting complex required for transport (ESCRT) components TSG101 and Vps36, as well as the novel gene Vps13D. Vps13D is an essential gene that is necessary for autophagy, mitochondrial size, and mitochondrial clearance in Drosophila. Interestingly, a similar mitochondrial phenotype is observed in VPS13D mutant human cells. The ubiquitin-associated (UBA) domain of Vps13D binds K63 ubiquitin chains, and mutants lacking the UBA domain have defects in mitochondrial size and clearance and exhibit semi-lethality, highlighting the importance of Vps13D ubiquitin binding in both mitochondrial health and development. VPS13D mutant cells possess phosphorylated DRP1 and mitochondrial fission factor (MFF) as well as DRP1 association with mitochondria, suggesting that VPS13D functions downstream of these known regulators of mitochondrial fission. In addition, the large Vps13D mitochondrial and cell size phenotypes are suppressed by decreased mitochondrial fusion gene function. Thus, these results provide a previously unknown link between ubiquitin, mitochondrial size regulation, and autophagy.
In Brief
Autophagy and mitochondrial clearance are important for cell health. Anding et al. identify Vps13D as a gene that is required for autophagy, mitochondrial size, and clearance in Drosophila, and human cells lacking VPS13D function have a similar mitochondrial size defect. Vps13D provides a unique link between mitochondrial size and autophagy. The clearance of mitochondria by autophagy, mitophagy, is important for cell and organism health [1] , and known to be regulated by ubiquitin. During Drosophila intestine development, cells undergo a dramatic reduction in cell size and clearance of mitochondria that depends on autophagy, the E1 ubiquitin-activating enzyme Uba1, and ubiquitin [2] . Here we screen a collection of putative ubiquitin-binding domain-encoding genes for cell size reduction and autophagy phenotypes. We identify the endosomal sorting complex required for transport (ESCRT) components TSG101 and Vps36, as well as the novel gene Vps13D. Vps13D is an essential gene that is necessary for autophagy, mitochondrial size, and mitochondrial clearance in Drosophila. Interestingly, a similar mitochondrial phenotype is observed in VPS13D mutant human cells. The ubiquitin-associated (UBA) domain of Vps13D binds K63 ubiquitin chains, and mutants lacking the UBA domain have defects in mitochondrial size and clearance and exhibit semi-lethality, highlighting the importance of Vps13D ubiquitin binding in both mitochondrial health and development. VPS13D mutant cells possess phosphorylated DRP1 and mitochondrial fission factor (MFF) as well as DRP1 association with mitochondria, suggesting that VPS13D functions downstream of these known regulators of mitochondrial fission. In addition, the large Vps13D mitochondrial and cell size phenotypes are suppressed by decreased mitochondrial fusion gene function. Thus, these results provide a previously unknown link between ubiquitin, mitochondrial size regulation, and autophagy.
RESULTS AND DISCUSSION
The function of Uba1 and ubiquitin in mitochondrial clearance and autophagy [2] prompted us to screen for genes that encode putative ubiquitin-binding-domain proteins that are required for these processes in the Drosophila intestine. We obtained UASregulated double-stranded inverse-repeat RNAi lines against genes that encode putative ubiquitin-binding proteins (Table  S1 ) and induced knockdown cell clones in midguts expressing the autophagy reporter mCherry-Atg8a in all cells. Examination of midguts 2 hr after puparium formation allowed us to assay for defects both in cell size reduction and Atg8a puncta formation. Among the 133 putative ubiquitin-binding protein-encoding genes that we evaluated, known ubiquitin-binding mitophagy receptors, such as p62 (Ref(2)P in flies) and Optineurin (Kenny, or key, in flies), did not exhibit a phenotype. For example, ref (2) p mutant midgut cells exhibited similar amounts of mitochondria as control midgut cells 2 hr after puparium formation (Figures S1A-S1C), and ref (2) p knockdown (Figures S1D-S1D 00 ) failed to block both programmed cell size reduction and mCherryAtg8a puncta formation (Figures S1E and S1G). Significantly, we identified 3 genes, TSG101, Vps36, and CG32113, that exhibited a defect in cell size reduction and Atg8a puncta formation. TSG101 and Vps36 are components of the endosomal sorting complex required for transport (ESCRT) pathway that were both required for programmed cell size reduction and exhibited a decrease in Atg8a puncta formation ( Figures S2A-S2F ). The ESCRT pathway has been previously shown to influence macroautophagy [3] , and thus we decided to pursue the previously undescribed gene CG32113. CG32113 (Vps13D) was found to be necessary for cell size reduction and Atg8a puncta formation in the midgut ( Figures  1A, 1B, 1D , and 1E). Significantly, a second unique Vps13D RNAi line that targets a distinct sequence, and a loss-of-function MiMIC insertion line (Vps13D MI11101 ) in which exon 13 of Vps13D is disrupted by the transgenic insertion of a Minos-based MiMIC construct [4] , also influenced cell size reduction and Atg8a puncta formation (Figures 1F and 1G ; Figures S2G-S2I ). Knockdown of Vps13D in either the starved fat body (Figures S2J and S2K) or intestines from rapamycin-fed larvae (Figures S2L and  S2M) , however, had no influence on mCherry-Atg8a puncta formation, indicating that Vps13D is not necessary for starvationinduced autophagy. Additionally, feeding larvae H 2 O 2 induced Atg8a puncta formation that was not impaired by Vps13D knockdown ( Figures S2N and S2O ), further suggesting that Vps13D acts specifically in developmental autophagy in the midgut. 
Control Vps13D (E) Quantitation of mCherry-Atg8a puncta in control and Vps13D knockdown cell clones from at least 28 clones in four intestines. Error bars, mean ± SEM; statistical significance: Student's t test.
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Vps13D is a member of the Vps13 family of proteins, the members of which consist of Vps13 (similar to human Vps13A and Vps13C), CG15523 (similar to human Vps13B), and CG32113 in Drosophila ( Figure 1C ). Neither Vps13 nor CG15523 was required for either cell size reduction or mCherry-Atg8a puncta formation in the midgut of the intestine (Figures S2P-S2U ). Because Vps13D is the only family member with a putative ubiquitin-binding UBA domain, this suggests a possible role for the Vps13D UBA domain in autophagy.
Our data indicate that Vps13D is required for autophagy. To interrogate the possible relationship between the Vps13D ubiquitin-binding protein, ubiquitin, and autophagy, we investigated ubiquitin localization in Atg1, Atg8a, and Vps13D knockdown cells. Atg1 knockdown cells lacked ubiquitin puncta that existed in control neighboring cells ( Figures 1H and 1H 0 ), suggesting that this upstream kinase is required for a change in ubiquitination that is associated with autophagy in intestine cells. By contrast, intestine cells with reduced Atg8a function possessed ubiquitin puncta, but these puncta were enlarged compared to neighboring control cells ( Figures 1I and 1I 0 ). Importantly, Vps13D knockdown intestine cells also possessed enlarged ubiquitin puncta ( Figures  1J and 1J 0 ). These data suggest that Vps13D functions downstream of Atg1 to mediate a change in ubiquitin that is associated with control of both mitochondrial morphology and autophagy.
The function of Vps13D in cell size reduction and autophagy prompted us to consider the localization of this novel protein.
Monoclonal antibodies were raised against Vps13D, and an antibody was identified that possessed cytoplasmic immune reactivity in tissues that is lost in Vps13D RNAi knockdown cells ( Figures S3A-S3A 00 ). Significantly, Vps13D co-localized with the lysosomal marker LAMP1-GFP but did not exhibit a clear localization with either autophagosome or mitochondrial markers ( Figures 1K-1K 00 ; Figures S3B-S3C 00 ). Vps13D localization with a lysosomal-associated protein is interesting, as this provides a link between this protein and the ESCRT-associated genes that we identified in our screen that are known to influence late endosome and lysosome dynamics [5] .
Little is known about the function of Vps13D, but it was recently found to be an essential gene in human cell lines [6, 7] . Accordingly, constitutive expression of Vps13D RNAi by combining actin-Gal4 with UAS-Vps13D IR was 100% lethal at either larval or pupal stages, depending on the RNAi line used (data not shown). The loss-of-function MiMIC insertion line Vps13D MI11101 was also found to be 100% homozygous lethal (n = 144). In addition, Vps13D MI11101 combined with a deficiency for this region, Df(3L)BSC613, was also 100% lethal (n = 146). These data indicate that Vps13D is essential in the fly. The functions of autophagy genes and Uba1 in the clearance of mitochondria [2] led us to consider whether Vps13D is required for this process. Knockdown of Vps13D leads to a failure in mitochondrial clearance, as shown by a lack of mitochondrial-targeted green fluorescent protein (mitoGFP) clearance compared to control midgut cells (Figures 2A and 2B) . Consistent with these data, Vps13D
MI11101 mutant midgut cells failed to clear mitochondrial ATP synthase (ATP5A) protein compared to neighboring control cells ( Figures 2C-2C  00 ) . The Vps13D mutant defect in the clearance of mitochondria prompted us to investigate the morphology of these cells in the midgut by transmission electron microscopy (TEM). Remarkably, Vps13D knockdown in midguts not only prevented clearance of mitochondria but also resulted in a significant enlargement of mitochondria compared to those observed in control midguts ( Figures 2D-2F ). In addition, a similar enlarged mitochondrial phenotype was observed in Drosophila S2R+ cells following Vps13D knockdown ( Figures  S3D-S3E 0 ). These data indicate that Vps13D is necessary for mitochondrial clearance in the Drosophila midgut, and that these mitochondria are enlarged.
The putative ubiquitin-binding UBA domain of Vps13D is conserved from flies to humans and, importantly, contains a conserved hydrophobic M/L-G-F/Y patch that is known to be necessary to bind ubiquitinated proteins [8, 9] (Figure 3A) . In order to determine the importance of the Vps13D UBA domain, we first performed an in vitro binding assay to determine whether this domain binds ubiquitin. Using a glutathione S-transferase (GST)-tagged Vps13D UBA domain, we determined that this domain was able to bind K63 tetra-ubiquitin chains, but neither to linear nor K48-linked tetra-ubiquitin chains ( Figure 3B ). By contrast, neither the mutant containing a phenylalanine-toalanine mutation in the hydrophobic patch (UBA F>A -GST) nor a GST-alone control was able to bind any of the tetra-ubiquitin chains. The fact that the Vps13D UBA domain preferentially binds K63-linked and not K48-linked ubiquitin agrees with previous data indicating that cell size reduction is independent of proteasome activity [2] , and supports the hypothesis that the Vps13D UBA domain and K63-linked ubiquitin are important for the mitochondrial phenotypes in animals with decreased Vps13D function. In order to further analyze the importance of the UBA domain in Vps13D phenotypes, we used CRISPR/Cas9 to create animals containing an in-frame deletion of the UBA domain. This mutant fly strain, Vps13DDUBA, is 43.6% homozygous lethal (n = 172), indicating that the UBA domain is important for some of the functions of the protein and that some Vps13D function is retained compared to the 100% lethal Vps13D MI11101 mutant. Table S1 .
data not shown), indicating that the UBA domain alone is necessary for these phenotypes. Notably, Vps13DDUBA mutant animal midgut cells possessed persistent mitochondrial ATP5A protein compared to control midgut cells ( Figures 3H-3J ), indicating that the UBA domain of Vps13D is required for mitochondrial clearance. TEM analyses of Vps13DDUBA/Df(3L) BSC613 midguts indicated that these intestines also have enlarged mitochondria (Figures 3E and 3G) , suggesting that the enlarged mitochondria seen in Vps13DDUBA homozygous mutants are not likely due to an off-target effect of the CRISPR guide RNA (gRNAs). Human VPS13D is 33% identical to Drosophila Vps13D, suggesting the possibility of a conserved function between these distant taxa. We investigated this possibility by using CRISPR/ Cas9 to create multiple HeLa cell lines that are deficient in Vps13D function. Whereas control HeLa cells possess mostly tubular mitochondria, three independent Vps13D knockout (KO) cell clones possessed significantly more large and rounded mitochondria ( Figures 3K-3M ), consistent with the phenotype observed in the Drosophila intestine. Significantly, introduction of a Vps13D plasmid tagged internally with GFP rescued the large round mitochondrial phenotype ( Figures 3N and 3O ). These data indicate that Vps13D is required for proper mitochondrial morphology, and that this function is conserved between flies and humans. Like in the fly, deletion of the Vps13D UBA domain in HeLa cells (Vps13D KO#12) also resulted in significant mitochondrial morphology defects ( Figure 3M ), highlighting the importance of the ubiquitin-binding domain for Vps13D's function across species. We also examined the effect of Vps13D knockout on mitophagy in HeLa cells. Although Vps13D knockout HeLa cells had decreased mitophagy as measured by the clearance of mitochondrial COXII protein compared with control HeLa cells, the impact of Vps13D was not as strong as was observed in Atg5 mutant HeLa cells ( Figures S4A and S4B ). The cristae of enlarged Vps13D mitochondria are juxtaposed and appear intact ( Figure 2F ), suggesting that the enlargement of mitochondria might be due to altered dynamics, as opposed to swelling. Because blocking mitochondrial fission results in compensatory fusion [10] , we examined the midgut cells of intestines isolated from animals that possess a mutation in the mitochondria fission gene Drp1 to determine whether their phenotype was similar to Vps13D mutant mitochondria. Not only did homozygous Drp1 mutants have enlarged mitochondria but mutant midgut cells also exhibited a defect in mitochondrial clearance and cell size reduction compared to heterozygous Drp1/+ control midgut cells (Figures 4A-4D ). The similarity of Drp1 and Vps13D mutant phenotypes suggests that they have related functions in mitochondrial homeostasis and clearance. Drp1 encodes a GTPase that directly regulates mitochondrial fission [11] , suggesting that Vps13D may influence Drp1 recruitment to mitochondria. We investigated this possibility in Vps13D mutant HeLa cells because antibodies do not exist against Drosophila Drp1. Not only did we observe recruitment of Drp1 to Vps13D mitochondria ( Figures 4E-4F 00 ) but the amount of Drp1 associated with mitochondria appeared to be elevated compared to wild-type HeLa cells ( Figure 4G ). Even with increased Drp1 recruitment, however, the Vps13D mitochondria appeared large and round ( Figures 4F-4F 00 ). Furthermore, the amount of both phosphorylated Drp1 and phosphorylated mitochondrial fission factor (MFF) in Vps13D mutant HeLa cells was elevated compared to wild-type HeLa cells ( Figures 4H-4J) .
The enlarged mitochondrial phenotype in Vps13D mutant cells could suggest that mitochondrial fission is reduced and that mitochondrial fusion has occurred, indicating that the dynamics of this organelle are altered. If a defect in fission is driving fusion to result in enlarged mitochondria, then concomitantly blocking fusion should suppress the (legend continued on next page) enlarged mitochondrial phenotype. Therefore, we tested whether decreased Vps13D function results in enhanced mitochondrial fusion in Drosophila midgut cells since Vps13D and fusion can be impaired simultaneously. Indeed, simultaneous knockdown of the mitochondrial regulator of fusion Marf (Mitofusin in mammals) [12] and Vps13D resulted in mitochondria similar to those observed in midguts with Marf knockdown alone, and rescued the Vps13D mitochondrial clearance and cell size defects ( Figures 4K-4P ). This attenuation is not due to the presence of multiple UAS-responsive transgenes, as knockdown of both Vps13D and GFP resulted in enlarged mitochondria ( Figures S4C-S4F) . Thus, it appears that reduced Vps13D function results in an impaired mitochondrial fission and, thus, a block in mitophagy. These data implicate Vps13D in mitochondrial fission downstream of Drp1 and upstream of the induction of autophagy.
Conclusions
We demonstrate that the Drosophila midgut is an excellent model for the in vivo study of mitophagy, and identify TSG101, Vps36, and Vps13D as genes that influence autophagy in these cells. Previous studies indicated that ESCRT components influence autophagy at a late stage in the process of autophagosome maturation [13] . By contrast, our results indicate that the ESCRT components TSG101 and Vps36 influence autophagy at a previously undescribed step upstream of Atg8a puncta formation. This phenotype is similar to what we observe in Vps13D mutant cells, and suggests a possible relationship between these ESCRT proteins and Vps13D. We conclude that Vps13D is necessary for cell size reduction, autophagy, and mitochondrial clearance in the midgut of Drosophila, and that lack of Vps13D leads to an apparent defect in mitochondrial dynamics, resulting in enlarged mitochondria. Significantly, Vps13D has a related function in mitochondrial homeostasis in human cells, illustrating both the value of the midgut model system and importance of Vps13D in cell health. Additionally, we show that the Vps13D UBA domain binds K63-linked ubiquitin, and is necessary for the role of Vps13D in mitochondrial fission and clearance of mitochondria. Mitochondrial fission has been linked to mitophagy [14] , but how and why fission of mitochondria connects to the clearance of this important organelle are a mystery. It is possible that fission and clearance of a damaged portion of a mitochondrion involve a mechanism to distinguish damaged from functional mitochondrial compartments. Interestingly, Vps13D functions in a previously undescribed cellular space that links mitochondrial fission downstream of both phosphorylated Drp1 and MFF to influence autophagy. Consistent with our observations, yeast Vps13 has been recently implicated in inter-organelle contacts, including the vacuole, endoplasmic reticulum, and mitochondria [15] . Therefore, it appears that Vps13D is a key regulator that unites mitochondrial fission and mitophagy, important processes that have been largely studied in isolation.
Significantly, our studies provide the first clear link between a ubiquitin-binding protein and mitochondrial size. It is possible that the ubiquitin-binding function of Vps13D in mitochondrial dynamics is unrelated to the role of Vps13D in autophagy. However, the lethal mutant phenotype of Vps13D appears to be stronger than Drp1 mutants, suggesting that Vps13D has unique properties beyond the regulation of fission and core fission machinery. As inhibition of mitochondrial fission is known to attenuate neurotoxicity in models of Parkinson's disease [16] , it would be interesting to determine the role of Vps13D in such diseases.
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EXPERIMENTAL MODELS AND SUBJECT DETAILS
Drosophila melanogaster strains and cell lines used in this study are listed in the Key Resources Table except for stocks used for the ubiquitin binding protein screen which are located in Table S1 . Flies were reared at 25 C on standard cornmeal/molasses/agar media.
S2R+ cells (male) from the Drosophila Genomics Resource Center (DGRC, Indiana University, Bloomington, IN, USA) were grown at 25 C in Schneider's Drosophila medium supplemented with 10% fetal bovine serum (FBS), 1 3 GlutaMAX (GIBCO), and penicillinstreptomycin (GIBCO). HeLa cells (female) were cultured in DMEM (Life Technologies) supplemented with 10% (v/v) FBS (Gemini Bio Products), 10 mM HEPES (Life Technologies), 1 mM sodium pyruvate (Life Technologies), non-essential amino acids (Life Technologies) and 1x GlutaMAX at 37 C in 5% CO 2 . HeLa cells were tested for mycoplasma contamination biweekly using the PlasmoTest kit (InvivoGen) and were authenticated by the Johns Hopkins GRCF Fragment Analysis Facility using STR profiling.
METHOD DETAILS
Induction of cell clones, mito-GFP experiments, and quantitation To induce RNAi in clones of midgut or fat body cells, virgin females of y w hsFlp; pmCherry-Atg8a; Act>CD2>GAL4, UAS-nlsGFP/ TM6B flies were crossed to indicated RNAi lines. One-day egg lays were heat shocked at 37 C for 15 min. To induce loss-offunction clones, we crossed y w hsFlp; CyO/Sp; FRT2A Ubi-nlsGFP virgin females with either MiCG32113 MI11101 or Vps13DDUBA recombined onto the FRT2A chromosome. One day egg lays were heat-shocked for 1 h at 37 C. Mitochondrial targeted GFP (UAS-mito-GFP) was expressed in Drosophila intestine using the NP1-GAL4 driver and intestines were assessed for clearance of mitochondria 2h APF. For fat body experiments, wandering larvae were starved for 4 h in 20% sucrose (Fisher) before dissection. For staging midgut experiments, white prepupae were placed on wet filter paper for 2 h before dissection. Atg8a punctae were quantitated using ImageJ. Cell size was measured using the AxioVision software (Zeiss).
Assembly of a comprehensive list of candidate ubiquitin receptors in Drosophila To assemble a comprehensive list of candidate Drosophila ubiquitin receptors, a combination of two approaches were used. First, generalized profiles [19] of all known ubiquitin-binding domains [20] were generated and used to search the Drosophila proteome [21] . Significant matches with p values better than 0.01 were included in the list. To detect more divergent copies of the shorter ubiquitin binding domains, the HHsearch method [22] was used to search a proteome-wide collection of multiple alignments of Drosophila melanogaster proteins with orthologs from 14 insect species. HHsearch matches with p values better than 0.001 were tested for their plausibility, and if successful, were added to the ubiquitin-binding domain encoding gene list. Alignment of Vps13D UBA domains done by Clustal Omega [23] and Jalview [24] .
Electron Microscopy and Quantitation
Intestines were dissected in PBS (GIBCO) 2 h after puparium formation and were fixed in a solution of 2.5% glutaraldehyde (Electron Microscopy Sciences) in 0.1M sodium cacodylate buffer, pH 7.4 (Electron Microscopy Sciences) for 30 min at room temperature. Following fixation, the guts were washed 4 times for 10 min in 0.1M sodium cacodylate buffer. Following post-fixation in 1% osmium tetroxide for 1 h at room temperature, the intestines were water washed and dehydrated through graded ethanols, treated with propylene oxide and infiltrated for embedding in SPI-pon/Araldite. Ultrathin sections were cut on a Reichert-Jung Ultracut E microtome and imaging was performed using a FEI Technai Spirit 12 TEM. Images were taken down the length of the gut to ensure an unbiased approach. Mitochondria were measured using the AxioVision software (Zeiss) and the percent mitochondrial area was calculated by dividing area of the mitochondria by the total gut area in each image. Average mitochondria size was calculated by determining the area of all mitochondria in each image and graphing the average from the indicated number of guts and images. All images were reviewed and representative images were chosen for analysis. p values were calculated using an unpaired t test with Welch's correction. Data is plotted as the mean ± SEM.
Immunolabeling and microscopy Midguts were dissected in PBS, fixed with 4% paraformaldehyde in PBS, washed with PBS 0.1% Triton X-100 (PTX), and incubated with primary antibodies in PTX. For immunolabeling, we used mouse anti-ubiquitin (fk2; 1:100), anti-Vps13D (1:50, produced by Primm biotech), rabbit anti-ref (2) p (1:2000) , mouse anti-ATP synthase complex V (1:1000) [2] , and rat anti-Atg8a (1:300) [26] . For secondary antibodies, we used anti-rabbit, anti-mouse or anti-rat Alexa Fluor 488 or 546 antibody (1:250) and mounted samples in VectaShield containing DAPI (Vector Lab) to detect DNA. We imaged samples using a Zeiss LSM 700 confocal microscope. For mCherry-Atg8a imaging, we briefly fixed samples with 4% formaldehyde in PBS, mounted in VectaShield, and imaged samples with a Zeiss Axiophot II microscope. p values were calculated using an unpaired t test with Welch's correction. Data is plotted as the mean ± SEM.
Cell line construction and cell culture Drosophila S2R+ cells were stably transfected with pCasper-tub-mitoGFP encoding a tubulin promoter driven human COX VIII mitochondrial targeting signal fused to the N terminus of EGFP.
dsRNA for Vps13D RNAi treatment was produced and cells were treated and imaged as previously described [25] . dsRNA RNAi was produced by in vitro transcription of a polymerase chain reaction (PCR)-generated DNA template from Drosophila genomic DNA containing the T7 promoter sequence on both ends. Genomic DNA was harvested from Drosophila S2 cells using the Wizard Genomic DNA Purification Kit from Promega (Madison, WI, USA). 20 mg of dsRNA in water or an equal amount of water as control was added to triplicate wells in 6-well plates. S2R+ cells were resuspended in serum-free media at 0.5 3 106 cells/mL and 1 ml of this suspension was added as a control to wells containing dsRNAs. Cells were incubated at room temperature for 30 min prior to the addition of 3 ml of complete medium. Cells were incubated for 3 days at 25 C and imaged using an Olympus IX71 inverted microscope (Olympus, Shinjuku, Tokyo, Japan). Images were obtained using a QImaging Retiga 1300 camera and processed using QCapture 2.99.5 (QImaging, Burnaby, BC, Canada).
HeLa cells were used because of their strength as a model for studies of mitochondrial dynamics and mitophagy in human cells. For HeLa Vps13D knockout cell line construction, CRISPR gRNAs were cloned into the pSpCas9(BB)-2A-GFP vector (Addgene Plasmid #48138) and transfected into HeLa cells with FuGene HD (Promega). Two days later, cells were FACS sorted and plated in 96-well plates. Single colonies were expanded and screened with PCR (see Table S2 for primers and gRNA sequences).
To make Vps13D-I-GFP (Vps13D tagged internally with GFP), the Vps13D 3 0 ORF (sequence after exon40 to the stop codon) was PCR amplified and cut with NheI/SalI to clone into pEGFP-C1 at NheI/SalI by Gibson cloning (New England Biolabs). Next, XbaI, BsiWI, and AgeI sites were introduced and this modified pEGFP-Vps13D 3 0 ORF was digested with XbaI/AgeI. GFP was then PCR amplified and cloned into these sites. The resulting construct was then digested with NheI/XbaI and the Vps13D 5 0 ORF (sequence before exon 40) was PCR amplified and cloned into these sites using the Gibson kit. All PCR was conducted with Q5 DNA polymerase (New England Biolabs) and the final construct was confirmed by Sanger sequencing. Primer sequences are available upon request.
Protein expression and purification
The Drosophila Vps13D UBA domain and surrounding amino acids (KADSDLEKAAPLVAMGFEISDCLYAMQINNWRIN DAAIWLSQQ as determined using Phyre2) [27] , or the F>A mutant within this sequence (UBA F>A ), were inserted into the pGEX-6P-2 GST expression vector (GE Healthcare Life Sciences). GST alone, GST-UBA, and GST-UBA F>A were expressed in E. coli BL21 and immobilized with Pierce Glutathione Magnetic beads in binding/wash buffer (125mM Tris, 150mM NaCl, pH 8.0).
In vitro ubiquitin binding
After immobilization onto glutathione magnetic beads, GST alone, GST-UBA, and GST-UBA F>A bead-bound proteins were washed with ubiquitin wash buffer (UWB; 150 mM NaCl, 50 mM Tris-HCl pH7.5, 0.1% NP-40, 5 mM DTT) and then incubated with 1 mg linear, K48, or K63 tetra-ubiquitin chains (Boston Biochem) in ubiquitin binding buffer (UBB; UWB with 0.5 mg/mL BSA) at 4 C for 16 h on a rotator. The beads were washed three times with UWB and were eluted with SDS-sample buffer. The samples were separated on a 4%-20% SDS-polyacrylamide gel and transferred to nitrocellulose membranes. Ubiquitin-HRP (Santa Cruz; 1:500) was used to probe for bound ubiquitin and GST-HRP (Thermo Fisher; 1:1000) was used to probe for GST.
Construction of CG32113 UBA domain mutant
Vps13D UBA domain mutant flies were generated using the CRISPR/Cas9 technique [28] . Two gRNAs were injected into vas-Cas9 flies by BestGene (Chino Hills, CA). Resulting flies were screened by PCR and direct sequencing of the target region. One offspring was found to carry an in-frame deletion of the Vps13D UBA domain region.
Western blot analysis
For analysis of mitophagy via western, we used Atg5 KO cells that were previously described [17] . Wild-type and knockout cells without or with stable expression of YFP-Parkin were seeded into 6-well tissue culture dishes and allowed to recover for 24 h. Cells were treated with 10 mM oligomycin (Calbiochem), 4 mm antimycin A (Sigma) and 20 mM QVD (ApexBio) in fresh growth media for times indicated. Cells were lysed in 1x LDS (Life Technologies) supplemented with 100 mM dithiothreitol (Sigma) and heated for 10 min at 99 C. 35 mg of cell lysate was electrophoresed on 4%-12% NuPage Bis-Tris gels (Life Technologies) and transferred to polyvinyl difluoride membranes and immunoblotted as indicated. Actin (Cell Signaling), CoxII (Abcam) and MFNI antibodies were used for immunoblotting. For analysis of Drp1 accumulation by immunofluorescence staining, cells were fixed with 4% paraformaldhyde in 1x PBS for 20 min at RT, blocked in 1x PBS with 0.15% Triton X-100 and 3% goat serum for 60 min, then incubated in primary antibody (in the same blocking solution) overnight at 4 C. Cells were then washed three times with 1x PBS containing 0.15% Triton X-100 at RT. Secondary antibody (in the same blocking solution) was added and incubated for 60 min at RT. Cells then washed three times and ready for confocal imaging. For quantitative counting, over 300 cells (100 cells each from three different fields) were counted. Experiments were repeated at least three times. The following antibodies were used: anti-Tom20 (Santa Cruz), anti-Drp1 (BD Bioscience), anti-COXII (Abcam), anti-Mff (Cell Signaling Technology), anti-phospho Mff S146 (Cell Signaling Technology), anti-phospho Drp1 S616 (Cell Signaling Technology), anti-phospho Drp1 S637 (Cell Signaling Technology), anti-Tubulin (Sigma) and anti-actin (Abcam).
Mitochondria Fractionation
Cells harvested from a 10-cm dish were washed twice with 5 mL 1xPBS and resuspended in 4.5 mL solution B (20 mM HEPES-KOH pH7.6, 220 mM Mannitol, 70 mM Sucrose, 1 mM EDTA, 0.5 mM PMSF), then transferred to a 15 mL glass homogenizer and homogenized with 30 strokes using a drill-fitted pestle. Cell homogenates were then spun at 800 g for 10 min at 4 C and the supernatant was collected and centrifuged at 10,000 g for 20 min at 4 C. The supernatant (cytosolic fraction) was removed and the pellet (crude mitochondria) was resuspended in 200-500 mL of solution B. The cytosolic supernatant was concentrated with TCA and finally lysed in LDS loading buffer (Thermo Scientific). The crude mitochondria fraction was spun at 10,000 g for 5 min at 4 C again to remove any attached cytosolic contamination and the pellets were combined and resuspended in solution B and mixed with 2x LDS loading buffer.
QUANTIFICATION AND STATISTICAL ANALYSIS
All experiments were performed independently at least three times. Additional information on statistical details can be found in the figure legends. p values were calculated using a two-tailed unpaired t test. For animal studies, sample sizes were determined empirically based on previous studies to ensure appropriate statistical power. No animals were excluded from statistical analyses, the experiments were not randomized, and the investigators were not blinded.
